Synchronous growth studies are often used to assess the presence, timing and duration of periodic phenomena in the bacterial cell cycle. In an effort to evaluate the quality and quantity of information on cycle-specific events that can reasonably be expected from such inquiries, a model was constructed of a synchronous culture of Escherichia coli cells as would be derived from a growing population immobilized on a surface, and applied to the case of one stable and one unstable cellular component. The results indicated that, while the presence of cycle-specific events may be easily detectable, their timing and duration are very difficult to establish in synchronous growth experiments. Furthermore, differences in timing can be misconstrued as differences in duration, and vice versa, when interpretations are based on the qualitative analysis of the data.
INTRODUCTION
Studies on biosynthetic events in the Escbericbia coli cell cycle generally require the use of techniques to isolate or identify large numbers of cells in various stages of the division cycle. Early work in this area employed populations of cells that had been induced to grow and divide synchronously by a variety of means, such as temperature or nutritional shifts (Helmstetter, 1969) . When it became evident that such harsh treatments disturbed normal biosynthetic processes, less stressful methods were devised to obtain synchronously growing cultures by selecting cells of relatively uniform age from exponentially growing populations. Two such techniques in current use involve selection of either the smaller cells or the newborn cells from a growing culture. The former can be isolated by centrifugal elutriation, a process in which a cell population in a centrifuge chamber is exposed to the opposing forces of sedimentation and fluid counter-flow. At the proper flow rate, the smaller cells are flushed from the chamber and will grow synchronously (Figdor et al., 1981) . Newborn cells are provided by the 'baby machine', a device in which baby cells are released from a growing population immobilized on a surface (Helmstetter, 1969) .
There are other ways to study molecular biosynthesis in the cell cycle that do not rely on synchronous growth at all but rather employ procedures for identification of the properties of cells of different ages in exponentially growing cultures. The baby-machine technique can be used for this purpose by labelling exponentially growing cells with precursors of the molecules of interest prior to immobilization and measuring the quantity of label in the newborn cells released continuously from the surface. By correlating these progeny cells with the age of their parents at the time of attachment, the properties of the molecules of interest can be determined as a function of cell age in the original, essentially undisturbed, culture. This approach was the primary element in the successful clarification of the relationships between DNA replication and the division cycle of E. coli (Helmstetter, 1967; Cooper & Helmstetter, 1968) . A second method involves flow cytometry, in which cell cycle properties are deduced from measurements on individual cells flowing, single file, past a focused light beam within a region of detectors (Edwards e t al., 1992) . This technique has proved particularly useful in investigating chromosome replication during the cell cycle (Allman etal., 1991) . However, there are many studies in which the only currently feasible means of performing the work requires the use of synchronous cultures. In research on gene expression during the cell cycle, for instance, the rates of synthesis of unstable mRNAs cannot be measured effectively by either the backwards baby machine or flow cytometry, and such 
work is therefore routinely carried out on synchronous cultures (Sun & Fuchs, 1992; Garrido e t al., 1993 ; Theisen e t al., 1993) .
The purpose of the current inquiry was to analyse the quality and quantity of information on cell-cycle-specific events that can be expected from experiments on synchronous cultures of E. coli. The data were obtained from synchronous cultures generated with the baby machine, and consisted of measurements on the synthesis of one stable (plasmid DNA) and one unstable (a specific mRNA) component during the division cycle. Simulation studies, using parameters obtained from a least-squares fit to the synchronous growth data for newborn cells, were carried out to assess the level of attainable information on the timing of synthesis of these classes of macromolecules in the cell cycle.
RESULTS AND DISCUSSION

The model
The properties of synchronously dividing E. coli cells were modelled for the case of newborn bacteria collected from the effluent of a nitrocellulose-membrane-bound culture in a baby machine. The cell populations eluted from the membrane were taken as consisting of two components. The age of the major subpopulation was assumed to be normally distributed about zero with a standard deviation a. The minor component, of relative size p, was considered to be a contaminant from a canonically distributed population on the membrane that had undergone only very little age selection during the elution process : the number of these random cells was set proportional to 2'/', where a is the age of the eluted cell at the time of collection (t = 0) and z is the observed doubling time of the culture. These are bacteria released from the membrane for reasons other than division, such as weak binding. It also proved necessary to introduce a fixed background P to account for the signals recorded by the electronic particle counter that were produced not by viable, replicating cells but by the debris and electronic noise that are invariably associated with such measurements.
This model, with the addition of a fourth adjustable parameter, the overall proportionality coefficient k, was fitted to the synchronous growth data for eluted cells of E. coli B/r using an unconstrained nonlinear least-squares algorithm (IMSL, 1989) . The results are presented in Table 1 , and a plot of the experimental points together with the predicted curve is shown in Fig. l The quality of the fit is rather good. The sum of squares of the residuals is 0-35 Yo of the total ( P < 0.001) and they are distributed randomly ( P > ~OYO), as determined by the mean-square successive-differences test. The justification for employing a parametric test lies in the observation that the residuals are normally distributed ( P > 20Y0, as determined by the Lilliefors test); the weaker, nonparametric runs test gives a one-tail probability for randomness of 33.5 YO.
Synthesis of stable macromolecules during the division cycle
The model was used to evaluate the analytical content in synchronous growth studies on the synthesis of stable macromolecules such as DNA, individual protein species, or specific stable RNAs. This was accomplished by comparing the predicted (best-fit) curve (Fig. la) to experimental data on the replication of plasmid DNA (Fig. lb) . The plasmid chosen for this purpose was the minichromosome pAL49, which harbours a copy of the chromosomal replication origin, oriC, as its sole origin of replication and has been shown to replicate at a specific time in the cell cycle, coincident with initiation of chromosome replication (Leonard & Helmstetter, 1986) . Replication of the minichromosome during synchronous growth was assayed by pulse-labelling cell samples with ['HI thymidine and measuring radioactivity incorporated into plasmid DNA by agarose gel electrophoresis and fluorography (Theisen e t al., 1993) . The minichromosome replicated periodically in the synchronous cultures, with the peaks of incorporation corresponding to the time of initiation of chromosome replication in the cycle. Fig. 1 (c) contains a family of theoretical curves computed using the best-fit values of 0 and p from Fig. l(a) and a range of replication windows o (which, like 6, is expressed in units of z) from 0.1 to 0.5.
Plasmid pAL49 is 7-6 kb in length and thus individual molecules would be expected to replicate in about 5 s if their rates of replication were the same as the average for the chromosome (Cooper & Helmstetter, 1968) . Since the labelling interval is approximately 10% of the mean doubling time, the experimental data can be expected to be comparable to the theoretical curve for a replication window of 0.1. The observed distribution is somewhat broader than the theoretical for co = 0.1 in the first cycle (and much broader in the second, but this is due to the decay of synchrony with time, which was not included in the model). It is evident that the experimental results could be considered consistent with any one of the predicted curves, and we conclude that it is not possible to determine the width of the window of synthesis for the minichromosomes by these means. The upper panels show the result of decreasing the dispersion in the synchronous population when the random component is as observed ; the lower panels show the same but with the random component eliminated altogether (a feat rather easier to accomplish in dim than in vim). The left-hand panels demonstrate the consequences of removing the random component when the dispersion of the synchronous population is as fit, and the right-hand panels demonstrate these consequences for the case of decreased dispersion. Even if such conditions were attainable, it is highly unlikely that the duration of the synthetic window could be estimated with any reasonable accuracy from comparable experimental data. It would certainly not be possible to do so simply by measuring the width of the distribution at the half-maximum of the peaks -the theoretical distributions are far too similar for so naive an approach.
Synthesis of unstable macromolecules during the division cycle
It has recently been shown that the expression of certain genes varies during the cell cycle. Transcription of dnaA fluctuates due to an inhibition of transcription immediately after the gene replicates (Campbell & Kleckner, 1990; Theisen e t al., 1993) . This inhibition is apparently caused by the binding of the newly-replicated, hemimethylated DNA to the cell membrane. Expression of the m i d gene is also periodic, again due to an inhibition of transcription. In this case, however, the inhibition was reported to begin shortly before replication of the gene, probably owing to the binding of DnaA protein in the promoter region. The timing of these periods of inhibition has been determined primarily in experiments in which initiation of chromosome replication was aligned by temperature shifts with dnaC(ts) mutants. Periodicities in the expression of these two genes were also detected in baby-machine-generated synchrony experiments, and there too the peak in mioC transcription appeared to be slightly earlier than in dnaA (Theisen e t al., 1993) .
The methodology described here was used to evaluate the information on the timing and duration of gene transcription in the cell cycle obtained from experiments with synchronously growing cultures of E. coli B/r. The results of one such experiment are presented in Fig. 3(a) . The theoretical curves (Fig. 3b) were computed under the assumption that the rate of transcription is directly proportional to gene dosage. Based on the previous observations, initiation of replication was taken to occur 9.5 min into the division cycle, and mRNA half-life was set at 1.5 min. The curves are drawn for various lengths of the period of inhibition of transcription from 0-lz to 0.97, all beginning at 9.5 min. The data for dnaA transcripts are similar to the theoretical curves for o around 0.7, but greater precision is not possible. It is most remarkable, and highly unexpected, that the displacement of the experimental peak toward later times, as reported for dnaA with respect to m i d , could be explained by a longer duration of the inhibition, as well as by a difference in its timing as suggested previously (Theisen e t al., 1993) .
The primary rationale for this work was to ascertain whether synchronous cultures obtained with a wellcharacterized technique could be used effectively to determine the timing of events in the cell cycle, especially those that are difficult to measure, such as the pattern of gene expression. It is concluded that synchronous growth studies can be very useful for detecting the presence of periodicities during the cell cycle, but that the timing and duration of such events cannot be resolved by simple observation of the data alone. Even comparatively sophisticated analyses are not able to distinguish between an event in these experimental systems that occurs instantaneously in individual cells from one that occupies 20 % or so of the cell cycle. Finally, the dispersion of even a truly instantaneous event must of necessity reflect the finite (and quite broad) age distribution of the eluted cells, and the recording of anything less should raise doubts as to the validity of the experimental assay in question.
